To determine the relative contributions of triglycerides (TGs) and high-density lipoprotein (HDL) cholesterol in the residual risk of coronary heart disease (CHD) after the reduction of low-density lipoprotein (LDL) cholesterol to guideline-recommended levels, we conducted a hospital-based, case-control study with optimal matching in the strata of LDL cholesterol, gender, ethnicity, and age. The 170 cases and 175 controls were patients at Brigham and Women's Hospital (Boston, Massachusetts) from 2005 to 2008 who had an LDL cholesterol level <130 mg/dl. The cases had incident CHD, and the controls had diagnoses unrelated to CHD. The 170 cases and 175 controls had a mean LDL cholesterol level of 73 and 87 mg/dl, respectively. The association between TG and HDL cholesterol levels and CHD risk was assessed using conditional and unconditional logistic regression analysis. The models investigated accommodated the possibility of an interaction between lipid factors. The odds of CHD increased by approximately 20% per 23-mg/dl increase in TGs and decreased by approximately 40% per 7.5-mg/dl decrease in HDL cholesterol. High TGs and low HDL cholesterol interacted synergistically to increase the odds ratio to 10 for the combined greatest TG (≥190 mg/dl) and lowest HDL cholesterol quintiles (<30 mg/dl). High TG levels were more strongly associated with CHD when the HDL cholesterol was low than average or high; and low HDL cholesterol levels were more strongly associated with CHD when the TGs were high. TGs and HDL cholesterol were associated with CHD in patients with a LDL cholesterol level of ≤70 mg/dl, with a risk similar to, or greater than, those in the total group. In conclusion, high TG and low HDL cholesterol levels contribute strongly and synergistically to CHD when LDL cholesterol is well controlled. Thus, high TGs might have greater importance in patients with optimal rather than greater LDL cholesterol concentrations.
Several recent studies have focused on the role of triglyceride (TG) levels in cardiovascular disease risk. Sarwar et al 1 performed a meta-analysis of 29 prospective studies and gave an estimate of 1.72 (95% confidence interval 1.56 to 1.90) for the odds ratio (OR) comparing the risk of coronary heart disease (CHD) for those in the upper to lower tertiles of the TG distribution. A pooling of trials of statin treatment demonstrated that the TG level predicted CHD in the patients assigned to statin treatment as well as it did in the placebo group. 2 Studies of secondary prevention 3, 4 of CHD found that TGs <150 mg/dl was independently associated with a lower risk of CHD events in patients receiving high-intensity statin treatment, which produced especially low LDL cholesterol concentrations.
Similar reasoning can be applied to high-density lipoprotein (HDL) cholesterol as a risk factor in statin-treated patients. Low HDL cholesterol is associated with increased event rates in statin-treated patients, 2 and the risk of low HDL cholesterol levels increases at lower LDL cholesterol levels. 4, 5 We hypothesized first that high TG and low HDL cholesterol levels are each associated with CHD events in those with LDL cholesterol at the goals recommended by the National Cholesterol Education Program Adult Treatment Panel III, and, second, that these 2 associations remain strong as the LDL cholesterol level decreases. To test these hypotheses, we interrogated an automated patient data registry at a major United States hospital to perform a matched case-control analysis of the relation between the TG levels and cardiovascular disease risk among subjects with LDL cholesterol levels <130 mg/dl.
Methods
The Brigham and Women's Hospital Research Patient Data Repository is a data warehouse for managing information on patients admitted to the hospital. 6 Institutional review boardapproved data queries were performed to obtain information on all admissions from September 2005 to December 2008 involving acute coronary syndrome, ST-segment elevation myocardial infarction, or non-ST-segment elevation myocardial infarction, and unstable angina among patients aged 50 to 84 years at admission and who had an LDL cholesterol level of <130 mg/dl. Discharge summaries for all events were reviewed by the study staff to isolate information on demographics, CHD history, smoking, and treatment history. Lipid profiles obtained in the temporal vicinity of the CHD event were acquired from the hospital laboratory database. For the cases, lipid ascertainments occurred 6 days before admission to ≤12 days after admission; for the controls, lipid measures were all obtained within 4 months (before or after) admission. The central 90% of the distribution of lipid ascertainment dates was bounded by 1 day before and 3 days after admission for cases and by 1 month before and 9 days after admission for controls.
The control series was constructed by examining admissions from September 2005 to December 2008 for subjects aged 50 to 84 years for diagnoses unrelated to coronary artery disease or myocardial infarction with a LDL cholesterol level of <130 mg/dl. The records were subjected to uniform quality control procedures. A total of 345 participants (170 cases and 175 controls) were available for statistical analysis. Matched strata were formed for conditional logistic regression analysis 7 using the optimal matching Carey et al.
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algorithm of Hansen and Klopfer. 8 All subjects were characterized by their LDL cholesterol level, age, ethnicity (white vs nonwhite), and gender. Matched strata, each containing ≥1 case and 1 control, were formed, subject to the constraints that all strata were homogenous with respect to gender and that the weighted sum (total Mahalanobis distance) of withinstratum discrepancies in LDL cholesterol level, age, and ethnicity (binary code) was minimized.
Conditional logistic regression analysis of the matched strata was performed using the maximum partial likelihood estimation in the survival package of R, version 2.11.0 (available at: www.r-project.org). We formed integer scores for TG and HDL cholesterol that corresponded to quintiles of the overall distribution of each marker in the cohort. These scores were entered as linear terms in the conditional logistic regression analysis. In this formulation, which assumes that the log OR is linear across marker quintiles, the OR parameters are interpreted as the effect on risk of being in the "next quintile up" relative to a given quintile (below the top), in contrast to commonly reported comparisons of the extreme quintiles or tertiles. Table 1 lists the descriptive statistics on the subjects contributing data to the present study.
Results
The cohort was predominantly men (61% overall, 75% among the cases, and 48% among the controls). The mean age for both cases and controls was 66 years (range 50 to 84). The LDL cholesterol and HDL cholesterol levels were lower on average for the cases (by 13 and 10 mg/dl, respectively), and the TG levels were 12 mg/dl greater on average for the cases. Events defining case status were predominantly myocardial infarction (non-ST-segment elevation myocardial infarction or ST-segment elevation myocardial infarction; 45%) followed by unstable angina (44%), new-onset angina, and acute coronary syndrome. For 27 cases (16%), previous myocardial infarction had been reported at admission. For 62 additional cases, some other manifestation of previous CHD, such as coronary artery bypass grafting, angioplasty, or angina, was noted at admission. A total of 249 subjects had indications of blood pressure measurements on admission. Overall, 33% had blood pressure measures indicating at least stage 1 hypertension (31% of cases and 35% of controls, p = 0.50). The use of lipid-lowering drugs at admission was noted for 61% of the cases and 33% of the controls (p <0.001). Of the cases, those with a history of CHD had a mean LDL cholesterol of 68 mg/dl. Those without such a history had a mean LDL cholesterol level of 76 mg/dl.
For LDL cholesterol, 14% of cases, but 33% of controls, had levels >100 mg/dl. The contrast in TG distribution was less striking, with 26% of cases and 22% of controls with a value >150 mg/dl. For HDL cholesterol, the cases had much lower levels, with 74% reporting HDL cholesterol <40 mg/dl, compared to only 41% of controls with such low levels. These contrasts in low HDL cholesterol frequencies persisted across genders but at different levels. For men, 79% of cases but 53% of controls had HDL cholesterol levels of <40 mg/dl. For women, the analogous percentages were 77% and 57% for HDL cholesterol of ≤50 mg/dl.
Application of the optimal matching algorithm of Hansen and Klopfer 8 led to the formation of 112 strata of varying sizes that minimized the sum of the within-stratum discrepancies (Mahalanobis distance) in the matching factor values among the stratum members. Optimally, formed strata were predominantly 1:1 (case/control) matches (59 of 112) and included strata with other compositions ranging from 1:2 to 1:14 for 1-case strata, and 2:1 to 9:1 for multicase strata. The great majority (93%) of strata contained ≤5 subjects.
Matching was used to reduce the variability in factors we wished to control. We forced perfect matching on gender for all strata and used LDL cholesterol, age, and race as factors to be considered for matching. The within-stratum discrepancy for a matching factor is measured as the difference between the maximum and minimum values of the factor taken by those in the stratum. The strata generated by the optimal matching algorithm had a median discrepancy of 6 mg/dl in LDL cholesterol levels; the ninetieth percentile of LDL cholesterol discrepancy was 19 mg/dl. The median discrepancy in age was 2 years, and the ninetieth percentile was 6 years. All strata were homogenous with respect to the white versus nonwhite ethnic classification. Table 2 lists the estimated ORs and p values from the conditional logistic regression analysis of the optimally matched strata. Six models are presented to survey the roles of categorical and trend-based models in interpreting the data. Model 1 provides quintile-specific OR estimates for TG, with the lowest TG quintile as the reference. The OR was increased in TG quintiles 2 to 5, representing the median range of 89 to 264 mg/dl compared to quintile 1, with a median value of 61 mg/dl. Some fluctuation from linearity was evident, with the greatest quintile OR 1 unit smaller than that of the fourth quintile. Model 2 simplified the representation of TG level to an integer score enumerating the quintiles. In this simple model, implicitly adjusted through matching for race, LDL cholesterol level, and age, 2 subjects who differed by occupying adjacent quintiles of the TG distribution would have a cardiovascular disease risk ratio of approximately 1.2 (p = 0.03). The deviance test comparing models 1 and 2 had a value of 3.1 on 3 df (p = 0.38); thus, the more parsimonious model 2, with OR function monotone in TG levels, was regarded as a satisfactory representation.
Models 3 and 4 present the analogous statistics describing the effects of differences in HDL cholesterol levels on CHD risk. In the univariate analysis of HDL cholesterol, estimated reductions in CHD risk of 60% to 85% were present for those with an HDL cholesterol level in the third to fifth quintiles. In the linear model 4, occupancy of the next highest quintile of the HDL cholesterol distribution was associated with a 40% reduction in risk. The 3 df deviance test comparing the fits of models 3 and 4 yielded p = 0.31; thus, model 4 was an acceptable simplification. Model 5 of Table 2 quintile). Holding TG constant at its third quintile, the effect of transition to a higher quintile of HDL cholesterol would result in a 40% reduction in CHD risk. Table 3 presents the point estimates to illustrate the relative risk patterns implied by the interaction model, in which the lowest quintile of TG and the highest quintile of HDL cholesterol is used as reference. The highly deleterious association of simultaneously greater TG and lower HDL cholesterol levels can be seen along the diagonals of Table 3 . Figure 1 shows the intensification of CHD risk associated with greater TG levels within the lower categories of HDL cholesterol, with an even stronger association with CHD of lower HDL concentrations within the higher TG categories. Table 4 presents similar statistics obtained on the subcohort of 128 subjects (82 cases and 46 controls) with LDL cholesterol levels <70 mg/dl. This subsample was optimally rematched to 41 strata ranging in size from 2 to 6, using the same criteria and constraints used for the full cohort. In models 7 and 8, the TG associations with CHD were statistically significant, the odds of CHD increasing by a factor of 2.3 (p = 0.002) when a subject whose TG value was within a given tertile was compared with a subject with a TG value within the tertile just below (median for tertiles of 68, 121, and 219 mg/dl). In contrast, the OR for an adjacent higher TG tertile was estimated at only 1.2 in the subsample with a LDL cholesterol level >70 mg/dl. For HDL cholesterol in the subsample with LDL cholesterol of ≤70 mg/dl, the OR for CHD was estimated at 0.6 (p = 0.07) for increasing HDL tertile scores (median for tertiles of 25, 34, and 46 mg/dl). When both TG and HDL cholesterol were used to model CHD in those with LDL cholesterol levels <70, only TGs exhibited statistically significant effects on CHD risk (Table 4 , models 9 and 10).
A number of analyses were conducted to explore the sensitivity of inferences to model structures used in Table 2 . First, quadratic alternatives to the linear forms of models 2, 4, and 5 of Table 2 were assessed. None of these alternatives led to a significantly enhanced fit (minimum p >0.12). Second, ordinary logistic regression analysis was used in an unmatched analysis of the full cohort. A simple linear adjustment for log-transformed LDL cholesterol was used, in addition to adjustments for gender, race, and age. Main effects-only models fit for TG and HDL separately were consistent with the matched analysis models 2 and 4 from Table 2 , and the TG × HDL interaction term was borderline significant (p = 0.08). These findings indicate that the matching and modeling procedures of Tables 2 to 4 were reasonable. To address concerns regarding the variable timing of the lipid measurements relative to the date of admission for CHD or control event, we restricted the data to 274 subjects (163 cases and 111 controls) whose TG measurements were taken within 4 days of admission, an interval noted by Pitt et al 9 within which lipid measures are relatively stable after acute coronary syndrome. The matching algorithm was reapplied to this subcohort for assessment of the robustness of the estimated lipid effects to the variable timing in the ascertainment of the lipid levels in the ascertainment of the lipid levels, and no qualitative impacts were observed. To explore the possible effects of hypertension or statin use on reported associations, we rematched and reanalyzed the data using 249 subjects for whom the hypertensive status could be determined. The OR associated with hypertension was approximately 0.9 (p >0.8) for both TG and HDL ( effects. A similar insensitivity of the main findings was observed when including an indicator of the use of lipid-lowering medications at admission.
Discussion
The present hospital-based matched case-control study of CHD risk in relation to simultaneous variations in TG and HDL cholesterol levels has provided new evidence of the residual risk of disease associated with high TG and low HDL cholesterol levels in the presence of LDL cholesterol control. The strengths of the presented analyses include the use of population data obtained during the previous 3 years; the use of optimal matching to create strata that were homogenous with respect to gender and race and reasonably homogenous with respect to age and LDL cholesterol levels; and the use of straightforward statistical analyses to identify trends and interactions among key biomarkers of cardiovascular disease risk. The limitations of the present study included the nature of the population analyzed, which was derived from the catchment area of a specific tertiary care center; the retrospective nature of the study, in which lipid measures could not be obtained at specified calendar intervals before the index event; the lack of availability of uniform information on potential confounders of lipid-CHD risk associations, given the basis of the study using an electronic records database; and the possibility that the hospital-based control series included those with some morbidity related to CHD.
LDL cholesterol is appropriately the principal lipid target for treatment, 10 and CHD event rates can be reduced by this treatment in proportion to the extent of the reduction in LDL cholesterol. 2 However, CHD has continued to progress to serious events in patients whose LDL cholesterol has been lower than the treatment goals, a phenomenon called "residual risk." The principal finding of the present study was that low HDL cholesterol and high TG levels each contribute to the residual risk by their association with hospitalizations for CHD in patients whose LDL cholesterol was remarkably low, most well below the treatment target of 100 mg/dl for those with CHD or otherwise at high risk, and nearly ½ below the optional high-intensity treatment target of 70 mg/dl for those at very high risk. 10 About ½ of these patients had been taking statins at the time of the CHD event.
Mechanistically, HDL is essential to maintain cholesterol homeostasis between the arterial vasculature and liver and other organs. 11 When this system of HDL-mediated reverse cholesterol transport is defective, such as in patients who cannot transfer cholesterol from the macrophages in the arterial intima to HDL, early, severe atherosclerosis and CHD results. 12, 13 The findings of the present study support such a central role for HDL cholesterol because low HDL cholesterol levels had a strong adverse association with CHD even when the LDL cholesterol was at optimal low levels.
TG are transported in plasma within lipoproteins, mainly very-low-density lipoprotein (VLDL). The concentration of VLDL is a strong predictor of events, more so than TGs. 14 VLDL is a diverse group of particles, some having a stronger association with CHD than others. Some VLDLs contains an apolipoprotein, apolipoprotein C-III, which impairs the metabolism of VLDL 15 and directly activates the atherogenic and inflammatory processes in the vascular endothelial cells and monocytes. 16 Thus, apolipoprotein C-III containing VLDL and its metabolite apolipoprotein C-III-containing LDL are considered especially athergenic lipoprotein types, and their plasma concentration predicts CHD. 17, 18 These lipoproteins do not correlate with LDL cholesterol. When LDL cholesterol is low, the proportion of VLDLs and LDLs that is contains apolipoprotein C-III is high. Thus, we speculated that the high residual risk associated with TGs in the setting of optimal LDL cholesterol levels might be related to a greater concentration of atherogenic apolipoprotein C-III-containing lipoproteins. We have concluded that CHD occurring in patients with LDL cholesterol levels well below treatment goals (i.e., "residual risk") is associated strongly with low HDL cholesterol or high TG levels, and the combination is at least additive to the OR and, possibly, synergistic. These findings contribute to the rationale for considering low HDL and high TG levels, especially when they occur together, in quantifying the risk level to select the type and intensity of treatment. * Other diagnoses included alcoholism (n = 1), anemia (n = 1), abdominal aortic aneurysm (n = 1), infection (n = 2), circumcision (n = 1), dehydration (n = 1), eosinophilia (n = 1), gynecologic (n = 2), hypertension (n = 4), hypoglycemia (n = 1), urinary (n = 4), pulmonary embolus (n = 2), pericarditis (n = 1), thromobosis (n = 1), and thyroid (n = 3).
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Carey et al. Page 12 Table 3 Interaction of triglycerides (TGs) and high-density lipoprotein (HDL) cholesterol for odds ratio (OR) for coronary heart disease (CHD) TG tertile score 2.263 (p = 0.002) -2.172 (p = 0.0045) 3.492 (p = 0.011) HDL cholesterol tertile score -0.586 (p = 0.0714) 0.644 (p = 0.182) 1.034 (p = 0.950) TG × HDL ---0.638 (p = 0.206) −2log likelihood 76.4 83.8 74.5 72.8
Data are presented as estimated ORs obtained using conditional logistic regression analysis of 41 optimally matched strata formed from 128 subjects with LDL cholesterol <70 mg/dl.
Tertile intervals for TGs were 36-91 mg/dl, 91-152 mg/dl, and 152-479 mg/dl, with a median of 68, 121, and 219, respectively.
Tertile intervals for HDL cholesterol were 7-30 mg/dl, 30-37 mg/dl, and 37-86, with a median of 25, 34, and 46, respectively.
